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Co In conducting the research reported here, the investigators
adhered to "Principles of Laboratory Animal Care" as estab-
lished by the Natfonal Society for Medical Research,




ABSTRACT

Intravenous injections of anthrax toxin comsistently produce
pulmonary edema, cyanosis, and death in Pischer 344 rats, A
light and electron microscopic study of the lungs of rats sacri-
ficed serially after injections of toxin revealed diffuse pulmonary
edems with promcunced capillary endothelial cell changes followed
by widespread thrombosis of pulmonary capillaries.
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L.__INTRODUCTION

It has been known since 1955 that Bacillus anthracis produces a t:orxiu,1
but {ts mechanism of sction has remained unclear.””® Previous work from
this lsborastory has shown that Fischer 344 }‘Stl are unusually susceptible
to intravenous infections of .athrax toxin.” The leth-~1 effect of the
toxin {n these rats is so rspid and predictable that this experimental
model has been proposed as a bioassay for anthrax toxins 4 One of the
prominent sssociated pathologic features in these animals {s the devel-
opment of pulmonary edema. In order to gain additional information
concerning the development of this edema, a sequential study of the
lung by light end electron microscopy was undertaken.

1. MATERIALS AND METHODS

Male Fischer 344 rats weighing 200 to 300 grams from our colony were
used thro_t’.xghout this experiment. The tozin was prepared as previously
described _and was sterilized by passage t.urough 2 wembrane filter
(Miiligore™). Each rat received 2 cc of toxin intravenously. This
dose was more than that required to I'ill all rats and regularly resulted
in death within A0 to 70 minutes. Most of the rats were sacrifi~-d at
30, 50, and 60 minutes with an intravemous {njection vf 30 mg of Neubutal‘;
& few were allowed to die spontaneously of toxin. Some rats from each
time period were injected intravenously with 1 cc of a 1:20 dilutfon of
India fnk (black drawing jok, 5§.S. Stafford, Inc., New York, N.Y.) in
saline 2 minutes before sacrifice. All injections were made through the
dorsal vein cf the penis.

Foilowing sacrifice tie thorax was opened and the lungs were removed.
The right lung was perfused vigorously through the bronchus with Millomig's
buifer containing 2% osmium tetroxide. A perfused lobe was sliced with a
tagor blade and l-mm cubes of tissue were cut from ths central portions
of the specimen and placed in additional fixsative. Dehydrated blocks
were embedded {n Epon. Ultrathin sections cut with a diamond Imife were
stained with uranyl acetate and examined with an RCA EMU-IC electron
microscope., One-micron-thick sections were also prepared for light
microscopy. The left lung, kidneys, hesrt, brain, liver, apnd spleen
were vemoved and placed in 107 buffered fcrmslin., Six-micromn-thick
paraffin-embadded sections of these tissues were prepared for routine
light microscopy.




LLL. RESULTS

A. THIRTY MINUTES AFTER TOXIN INJECTION

Before being sacrificed 30 minutes after toxin injection, the rats
showed no sigts of illness. The lungs collapsed upon opening the chest,
appeared normal, and were of normal weight, The pleural cavities con-
teined ro demonstreble fluid., 1In the routine sections of the lungs the
alveoll were collapsed and the capillaries were filled with erythrocytes
&ud contained no carbon particles (Fig. 1). The adventitia around the
pulmonary arteries snd veins was collapsed and narrow, Routine histologic
sections of all other org#ns were essentially normal., The one-micron
sections of the lungs also appeared normal (Fig. 2). The pulmonary capil-
laries were filled with blood and the endothelial cells lining the capil-
laries, the alveolar epithelial cells, and the alveolar macrophsges were
clearly discernible.

Electron micrcicopic examination of the lungs revealed normal pulmonary
ultrastructure.® The capillary walls vere completely lined by a thin
cytoplasmic extension of the endothelial cells and the alveoli were lined
by 8 concinucus layer of epithelial cell cytoplasa. The basement membrane
of the pulmonary capillaries sppeared as a thin, homogeneous, electron-
densc structure separating these tvo cytoplasmic layerz. Both epithelial
snd endothelial cells contained many smell, pinocytotic vesicles as well
as the usual cytoplasaic organeles. When the cytoplasmic processes of
sdjscent epithelisl or endothelial cells met, the cell walls were
thickened te form desmosomes (Fig. 3).

B. FIFTY MINUTES AFTER TOXIN INJECTION

Tifty minutes after toxin injection the rats showed early signs of the
lethal effact of the toxin, consisting of the gradual development of rapid
shallew respiration. After sacrifice thes lungs were volumincus and heavy.
There were small hyperesmic aress measucing up to 2 mm scattered throughout
tha pulmonsry parenchyms. The pleural cavities contsined 1little or mo
fluid. There was no gross evidence of carbon stairing of the lungs i{n the
rats i{njected with {nk., The microscopic examination of routine sections
of the lungs sheved evidence of videspread pulmonary cdema (Fig. 4). Many
of the alveell were filled with fluid and there was marked perivascular
edsma. An occasionsl rare capiilary i{lled with carbon perticles was seen
in the sections of lung injected with ink. Lirht microscopic study of the
ona-micren-thick sections of ths lung revesled soms subtle changes in the
pulmonary capillaries. The lumen of many capillaries contained very fw
erythrecytes and were often bridged by delicate, pale staining ssmbranes
{riy. 5). Electron micrographs revesled thase mssbrunes to b reflections
of the cytoplasmic processes of the capillary endcthelial cells (Fig. 6
and 7). large clear spaces had formad betwesn the thin cytoplasmic




processes of many endothelial cells and the underlying basement membrane.
These spaces occasicnally contained some cytoplasmic fragments but were
usually filled vith structureless muterial. Carbon particles were seen
neither within these subendothelial spaces nor &long the exposed b:sement
membranes. The rare carbon-filled capillaries seen in the routine light
microscopic sections cf the lung vwere not found in thc¢ much smaller
sections prepared for electron microscopy. No changes were observed in
the basement membranes, the junctions between adjacent endothelial cells,
the alveolar epithelial cells, or the endothelial celis lining the
pulmonary veins and arteries.

C. SIXTY TO SEVENTY MINUTES AFTER TOXIN INJECTION

Sixty to seventy minutes after toxin injection the rats were near
the terminal stage of their illuess. They assumed a prone position and
had rapid labored respirations. By this time all rats had cyanosis of
the feet and eyes. At death frothy fluid often poured out of the nose.
The lungs were very heavy and contained many hemorrhagic areas measuring
up to 3 mm. There were many small areas of carbon staining in the lungs
of the rats injected with ink. Each pleural cavity contained about 1 cc
of clear fluid. The routine histologic sections of the lungs showed
evidence of marked alveolar and perivascular edema and some hemorrhage.
Most of the pulmonary capillaries and some of the small veins were filled
with clumps of carbon particles (Fig. 8). The number of capillaries filled
with carbon particles increased as the rats neared the termiual stage of
illnesas. The larger pulmonary blood vessels contained no carben., The
only merphologic changes observed in the other organs consisted of
occasional carbon~filled cspillarieer in the renal glomeruli, the heart,
and the brain.

Light microscopic examination of the one-microu-thick sections of the
lung showed that the {nk part‘cles were trapped in small granular thrombi
within the jumen of many capillaries (3} . 9). Electron micrographs
revesled thess thrombi to be composed lurgely of plsteleu' (rig. 10)
and granular fibrin containing carbon particles (Fig. 11). The cyto-
plasmic processes of the endothelial cells were intact in these throm-
bosed capillaries. NFumerous large subendothelfal spaces still remained
& prouirent feature in the terminal stages of the disease (Fig. 11).
Occasional cepillaries contained ink-laden mscrorhsges. There was no
definite evidence of endothelial cell lysis snd no morphbniogic changes
were c¢bserved im the emdothelial cell junctions, the basement menbranes,
the alveolar epithelisl cells, or the endothelial cells lining the
pulmonary arteries and veins. Fumercus thrombi were aleo seen in the
pulmonary capillaries of terminal rats not injected with iok,




These first three figures illustrate material taken from the lung of
a rat sacrificed 30 minutes after intravenous injection of 2 cc of toxin
and 2 minutes after the intravenous injection of India ink.

Figure 1.

Figure 2.

Figure 3.

The Lung Appears Wormel in this Routine Unperfused Sectiom.
Many alveoli are collapsed and there i{s no evidence of peri-
vascular edema or carbon steining of the pulmonary capillaries.
Hematoxyliin and eosin. X 70,

One~Micron-Thick Section Showing Normal Pulnonary Capillaries.
Hematoxylin. X 1,200.

Electron Micrograph of the Wail of a Pulmonary Capillary. The
capillary lumen is almost filled with an erythrocyte (Rbc).

The endothelizl (End) and epithelial (Epi) cell cytoplasmic
processes ere intact. A normal junction (Ject) between' adjacent
endothelial cells is thickened to form a desmosome. The capil-
lary basement membrane appears ae a thin electron-demse layer
separating the two cytoplasmic processes., Uranyl acetate,

X 27,000,
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These three photomicrographs were taken from the lung of a rat sacri-
ficed 50 minutes after the intravenous injection of 2 cc of toxin and 2
' minutes after the intr.venous injection of India ink.

1 Figure 4. Roctine Histologic Section of the Unperfused Lung. The alveoli
are partly filled with fluid smd there is perivascular edems,
There are no carbon-filled capillaries in this photograph.
Hematoxylin and eosin. X 70,

Figure 5. The Capillaries in this One-Micron-Thick Section Contain very
Puw Erythrocytes and Their Lumer are Often Bridged by Thin
Pale Membranes. Basic fuchein. X 1,100.

Pigure 6, The Capillary Lumen (Cap) Contéins Tvo Large Vesiiular Structures
Resulting from the Accumulation of Fluid Between the Thin
Cytoplasmic Processes ~f the Endothelial Cell and the Bacement
Membrane. The endothelial cell junction (Jet) is intact.

Uranyl acetate. X 12,700,
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Tigura 7.

Figure 8.

Pigure 9.

Tha Cytoplasmic Process of this Endothalial Cell (End) has
Separated from Its Basemsnt Membrane and {s Deflected Across
the Capillary Lumen (L), thus Yorming a Large Subendothslisl
Space (8). The endothelial cell has no other changes indica-
tive of cytolysis. The epithelial cell membrane (Epi) is
normal and the spithelial cell junttion (Jet) is unszltered.
Uranyl acetate. X 19,000.

Figures 8 and 9 are Photographs of Sectioms Taken from Lungs of Racts 60

to 70 Minutes after Receiving Toxin and 2 Minutes afler Being
Injected with India Ink.

This Section is from the Lung of a Kst that Disd 70 Minutes
after Receiving Toxin, There is marked perivascular and alveolar
edema. Most of the pulmonary capillaries are filled with black
ink particles. Hemataxylin and eoesin, X 70.

This One-Micron-Thick Section has Meny Pulmonary Capillar ss
Filled with Small Granular Throebi that Contatin Ink Particles.
Basic fuchsin. X W
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Figures 10 and 11 show photomicrog. i hs of sections teken from lungs
of rats 60 to 70 minutes «ft°r receiving toxin and 2 uinutes after veing
injected with India 1ink,

Figure 10. This Pulmonary Capillary (Cap) is Occluded by & Platelet
Thrombus Containing Clumps of Electron-Dense Carbon Particles
(C). The sndethelial cell cytoplasm is in‘*ict, Uranyl
acetate. X 10,000,

Figure 11. The Lumen of this Pulmonary Capillary Contains s Large
Macrophage (M) with Many Dark Carbon Particles. A platelet
throcbus partly eccludes the lumen., The endothelial cell
ugmbrane {s separated from the hasenent mesbrans in ons
area. The endothelial cell junction (Jet) {s inmtact.
Uranyl acetate. X 13,000.
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IV, _DICUSaIoN

Recent studies have shown that most mt_u.of incressed vascular
permesbility can be divided into two categories. The first coneists of
those experimental models in which vascular leskage is induced by endo-
genous meuistors such as histamine or serotonin and sre characterised
by their {mmadiate onset and tronsient response. Electron uicroscopic
studies of these experimental models have beem unsble to demonstrate
any alteratfons in capillary endothelium but have sh~wm a separation
of the endothelial cells liping the venules. The second type of vascular
lsakage results from the direct effect of various agents upon the capil-
lary endathelial cells. Exasples of {:hta type of {.r.ma”d pcr-nbt}uy
are those caused by bacterial toxing,  aminonucleoside, ” and heat.

The vascular leskage in these experimental models is characterized by
a delayed onset and s sustained response. Electron sdercscopic studies
of these experimental models have dmntd alterstions ia the endo-
thelial cells lining the capillaries.

The present experimental modal would best belong to the latter gromp
of reactions. Physfologic studies of the pulmomary, pcrttannl, and
subcutaneous vascular beds have showr that the vascular l.nbg
by anthrax toxin has a delayed cuset and g sustained respogse. The
electron microscopic studies of the lungs show a marked alteratiom of
capillisry structure, which coincides with the rapid developmamt of

pulmonary edema.

‘The experimental svidence presented here indlicates that snthrax
toxin csuses the rapid death of Fischer rate by altering the physical
properties of the mewbranes of the endothelial cells lining cthe pul-

- momary capillsries, which results in {acressed permesbility with diffuse
‘pulmonary edems and widespresd capilismy throvbosis. The rats spperestly
wduoumumubymmunmmxmym-.»
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